Interruptions in motor planning produce a dip in the distribution of saccadic RTs. a, Four examples of the rise-to-threshold process. The y axis represents oculomotor activity as a function of time. Activity increases gradually, and when a critical threshold level is reached, a saccade is triggered. All four plans are identical except for their build-up rates. Triangles indicate saccade onset. b, Four example motor plans that are briefly interrupted. The rise in activity halts during the interruption period (red shade). Build-up rates are the same as in the panel above. c, Simulated RT distributions for motor plans that rise to threshold uninterrupted (gray shade) or that halt (red line) for 36 ms (between 192 and 228 ms after the go signal) but are otherwise identical. Distributions were obtained from 50,000 simulated trials using 1 ms RT bins and Gaussian smoothing with σ = 1 ms. Note the sharp discontinuity produced by the pause. d, As in c, except that the probability of interruption for any given trial was equal to 0.7 (rather than 1), and the onset and offset of the interruption interval varied normally with a SD equal to 8 ms (instead of 0). Note the smooth dip in the distribution.
differences. The key property -in agreement with the underlying neurophysiology -is that the 91 variance in RT is largely due to the variance in build-up rate.
92
What we wish to point out is the characteristic effect produced when the rise-to-threshold 93 process is interrupted during a consistent time period defined with respect to the onset of the 94 rise. If the build up of activity is momentarily halted, such that the firing level is maintained 95 constant during the pause (Fig. 1b) , then the RT distribution is essentially split into two pieces 96 separated by an empty interval (Fig. 1c, red trace) . The location of the void within the distribution 97 depends on the temporal offset between the go signal (or more precisely, the start of the rise to 98 threshold) and the onset of the interruption, and the length of the void is equal to the duration 99 of the pause. Whatever the offset, if the two parts of the distribution were brought together, of halting could be less than 1. (3) Rather than being constant, the duration of the interruption (and/or its onset and offset) could also fluctuate randomly across trials. As with point 1, the larger the fluctuations, the heavier the smoothing. In combination, these factors can easily turn a 114 sharp, discontinuous split in the RT distribution into a visible but much more subtle, smooth dip 115 (compare red traces in Fig. 1c, d ).
116
The effect of the interruption can also be appreciated based on how much each individual RT 117 is delayed. If on a given trial the interruption halts the motor plan starting at a time I on and lasts 118 q ms, then the observed RT is simply
where RT 0 is the value that would have been measured had the same saccade plan (with the same 120 build-up rate) not been interrupted. In other words, as can be seen in Fig. 1b , if the interruption 121 starts at I on (left edge of red shade), saccades that are programmed to occur before I on are executed 122 normally, whereas saccades that are programmed to occur after I on are delayed by q ms, which
123
is the duration of the pause. This is true on a trial-by-trial basis. So, assuming that the activity 124 level does not change during the interruption and that I on and q are constant, equation (2) leads 125 to a sharp break in the RT distribution that starts at I on and is q ms wide. In contrast, when I on 126 and q are not constant, the fluctuations across trials simply smooth the edges of the otherwise 127 discontinuous, empty interval. Notably, because the above expression applies to any RT 0 , the 128 break or dip occurs regardless of the shape of the original RT distribution.
129

Saccadic inhibition as an interruption
130
Many psychophysical studies have characterized the phenomenon best known as "saccadic inhi- inhibition, but their saliency matters.
150
In addition, the phenomenon is surprisingly independent of volitional control and of the way 44 to study saccadic inhibition. Participants were instructed to make a saccade (blue arrow) to the target (black square) as soon as it appeared, and to ignore any distracters. In most trials, a distracter (white square) was briefly flashed (50 ms) opposite to the target. The delay between target onset and distracter onset (SOA) varied across trials. For each trial, the PT is equal to RT − SOA, and corresponds to the time interval between distracter onset and saccade onset. b-g, RT distributions reported by Bompas and Sumner 44 (observer 1, black traces) along with our model results (red traces). SOAs are indicated, in ms. In the rise-to-threshold model, RT 0 samples were directly drawn from the distribution obtained in the no-distracter condition (b). The effect of the interruption was then calculated for each drawn RT 0 using equation (2), taking the corresponding SOA into account. The interruptions occurred, on average, between 85 and 115 ms after distracter onset (dark gray shades) with a probability of 1, but the onset and offset times varied across trials (SD was 14.3 ms, correlation was −0.8; light gray shades show 1 SD in each direction). h, PT distributions for the simulated (red trace) and experimental data from Bompas time-locked to the onset of the distracter (Fig. 2c-g interruption produced dips at different points of the RT distribution depending only on the SOA
183
-precisely as observed in the experimental data.
184
Having set the interruption parameters to fit the RT distributions ( Fig. 2c-g and prioritizing saccade plans toward two targets.
208
Suppose that a stimulus appears at location B while a saccade plan toward location A is al- After stimulus detection, the ongoing plan (black trace) is halted for q ms and a second plan, toward the stimulus (red trace), starts rising. After the interruption, either the second plan is canceled (b), or the first one is (c), in which case a saccade to the flash is made after RT 2 ms from the time of detection. ready ongoing. Then, if the stimulus is indeed relevant, i.e., worth examining right away, how 210 quickly can a saccade to it be generated? We consider two simplified scenarios, one in which 211 saccades cannot be interrupted and another in which they can (Fig. 3) . 
219
In the two scenarios considered, with and without interruption, movement-related activity 220 rises toward a threshold level Θ with a build-up rate r B , so that the time between saccades is 221 normally Q = Θ/r B . For simplicity, we first consider r B to be constant; later we will relax this 222 assumption (and others) and show that additional, intrinsic randomness in the build-up rate does 223 not affect the argument or the conclusions. In the first scenario (Fig. 3a) , saccades are generated 224 every Q ms, one after another. When a new visual stimulus is detected at location B, the ongoing 225 plan toward location A (black trace) needs to be completed first (generating saccade 1) before a 226 saccade to the stimulus can be programmed (saccade 2; red trace). Assuming that the visual signal 227 is detected by the circuit at a time αQ from the start of the original plan and that no additional 228 time is required to process it, the latency for making a saccade to the stimulus at location B is
counting from the moment of detection. Note that α varies between 0 and 1, and indicates when 230 the stimulus is detected by the circuit relative to how advanced the ongoing motor plan is.
231
In the second scenario (Fig. 3b, c) , the movement-related activity also rises with a build-up rate A continues and the budding plan toward B is canceled (Fig. 3b) , or the reverse, the initial plan 240 is canceled and the later one, toward the stimulus at location B, keeps advancing (Fig. 3c) . In the 241 former case, which occurs when the stimulus is deemed of low priority, the RT associated with the 242 resulting saccade expands from Q to Q + q ms, but the eyes still land at the original target location,
243
A. In the latter case, which occurs when the stimulus turns out to be of high priority, the latency 244 for making a direct saccade to it, toward location B, is
again relative to the moment of detection, where min{a, b} is the minimum of a and b. The question 246 is, which scenario is more efficient?
247
Note that, implicitly, the time required for the stimulus to be processed in scenario 1 is conser-248 vative, in that it favors the purely sequential strategy. This is because even in the extreme case,
249
when the stimulus is detected just before the saccade to A is triggered, no additional delibera-250 tion time is required. The plan toward location B is initiated right after the saccade to A, so the 251 implicit assumption is that the perceptual evaluation of the stimulus is always completed while 252 the first motor plan is ongoing, however short that interval may be. In contrast, in scenario 2 the 253 interruption time, q, is equal to the deliberation time, i.e., the amount of time needed to resolve 254 whether the stimulus at B is of low or high priority. During the pause, the plan toward A is put 255 on hold and the alternate one, toward B, is initiated "just in case," but the usefulness of the latter 256 is defined only after the q ms have elapsed.
257
For a saccade to the stimulus, the difference in latency between the two scenarios is
where a positive value indicates a faster response in scenario 2, in which the ongoing plan is is just starting to rise (α ≈ 0), the difference is potentially large; whereas if the planned saccade 262 toward A is just about to be executed (α ≈ 1), the difference is minimal. The mean difference, 263 averaging over detection times (i.e., integrating over α, assuming it is uniformly distributed), is
This is the main result. According to this expression, re-prioritizing on the fly pays off only when 265 the perceptual evaluation time, q, is shorter than the intersaccadic interval, Q, in which case a 266 positive average difference in RT is obtained. The precise advantage, however, depends on the 267 duration of the interruption relative to the typical RT (Fig. 4a) . Based on equation (6), those numbers give a mean difference ∆RT between 88 and 115 ms fa-
272
voring the parallel programming strategy, which is quite large as a proportion of the median 273 intersaccadic interval (∼45%). There is a cost, of course, which is that when the stimulus turns out 274 to be irrelevant, the original RT is lengthened by q ms. calculations, and indeed, the analytical and numerical results were in agreement (Fig. 4a, lines vs. 294 dots). Then we allowed the build-up rate to be different for each saccade plan (r B was drawn 295 from a Gaussian distribution), adjusting the variance in build-up rate so that the corresponding 296 saccade latency distributions were wide (i.e., so that the SD of Q was approximately equal to 297 Q/4). Introducing a large amount of variability had a very small effect that tended to increase the 298 advantage of the concurrent programming strategy (Fig. 4b , compare dots vs. gray lines).
299
Next, we relaxed three key assumptions of the second scenario in ways that tended to lessen The plan toward the stimulus could only rise so far during the interruption; that is, as before,
305
the second plan could not overtake the first one, but in addition, it was not allowed to increase 306 beyond an absolute level below the saccade threshold. All of these manipulations curtailed the 307 amount of progress that the concurrent plan toward the stimulus could make during the pause -308 but in all cases the effects were gradual, not qualitative, and typically required large changes in 309 the parameters, on the order of 50%, to be substantial ( Fig. 4c-e) . Even in a worst-case scenario,
310
in which all of these alterations were introduced at the same time, the results still showed a frank 311 advantage of the interruption mechanism over strict sequential programming within a large range 312 of interruption and mean saccade durations (Fig. 4f) .
313
These results show that the known physiological measurements of saccadic latencies and de-314 cision times are largely consistent with a mechanism whereby ongoing saccade plans are put on 315 hold and re-prioritized on the fly, enabling significantly faster saccadic responses toward recently 316 detected stimuli, with the benefit being on the order of several tens of milliseconds per saccade.
317
Pronounced interruptions in the double-step task 318 We consider another example of an experiment in which there is strong evidence for a stimulus-319 driven interruption in motor planning. This case is interesting because it illustrates quite specifi-320 cally how the interruption and concurrent motor programming can directly determine a subject's 321 performance in a well-known oculomotor paradigm, the double-step task.
322
We discuss the version of the double-step task implemented by Buonocore and colleagues 39 appears and the participant must simply make a saccade to it. In the other half of the trials (actual 327 double-step trials; Fig. 5a ), a target appears but then steps to the opposite location after a short 328 delay (SOA). The participant is instructed to always look at the target; however, depending on the
329
SOA and the participant's urgency, the resulting eye movement may be toward the first (incorrect)
330
or the second (correct) target location.
of PT (Fig. 5a ), which in this case is the interval between step onset and saccade onset (i.e., the Participants were instructed to make a saccade (blue arrow) to the target (filled circle) as soon as it appeared. In one half of the trials the target did not change (not shown); in the other half it stepped to the opposite location after a delay (SOA). The PT in each trial is equal to RT−SOA. b, Performance of one participant. Saccade landing points are shown for each trial, arranged by PT (black dots, right y axis; data redrawn from ref. 39 , experiment 1, participant 3). Targets were located at ±6
• . The direction transition function (blue trace, left y axis) is a running histogram (bin size = 81 ms) of the proportion of correct saccades toward the stepped target as a function of PT. We computed it based on the shown saccade landing points. c, PT distributions in double-step (black trace) and distracter-step (pink trace) blocks performed by the same participant (data redrawn from ref. 39 , experiment 1, participant 3). In distracter-step blocks, participants were instructed to always make a saccade to the first target, ignoring the step. d, Motor plans toward initial (black traces) and stepped (blue traces) target locations in 3 simulated double-step trials. A fast error (left), a correct saccade (middle), and a slow error or lapse (right) are shown. Shades indicate mean interruption interval. Triangles mark saccade onset. e, Simulated double-step responses (black dots; similar number of trials as in b) and direction transition function (blue trace; based on 20,000 trials). Correct and incorrect simulated saccades were assigned to +6
• and −6
• landing point values, respectively, with additional random scatter. f, PT distributions in double-step (black trace) and distracter-step (pink trace) simulated trials. Interruption and initial build-up rate parameters were the same for the two trial types. Gray shade shows the PT distribution for control, no-step simulated trials, which were not interrupted. For all data the SOA was constant at 120 ms. amount of time available in any particular trial to view the target after it has stepped, where 335 PT = RT − SOA). As can be seen for one example participant from the study by Buonocore and 336 colleagues 39 (Fig. 5b, blue trace) , when the step is viewed for less than 100 ms or so, the resulting 337 saccade is to the first, incorrect location, but as the PT increases beyond that mark, the likelihood 338 of making a correct saccade to the stepped target rises steeply and then levels off. the transition 339 from (fast) incorrect responses to correct ones occurs extremely rapidly, within 20 ms of PT or so.
340
Crucially, Buonocore and colleagues 39 showed that the timing of the saccades in the double-341 step task is remarkably consistent with the target step producing robust saccadic inhibition of an 342 initial motor plan toward the first target location. To see this, first consider the distribution of PTs 343 (Fig. 5c, black trace) , which includes both correct and incorrect responses (Fig. 5b, black points) .
344
The distribution is clearly bimodal, with a pronounced dip centered around PT ≈ 105 ms. This is, 
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We performed computer simulations of these experiments (see Methods) to verify this con-358 clusion, i.e., that the initial motor plan is interrupted in the same way in both conditions, except 359 that, in one case (distracter-step trials) that first plan is meant to continue to threshold, whereas 360 in the other (target-step trials) it is meant to be canceled and replaced by an alternate one. Mo-361 tor plans toward the initial target location (Fig. 5d, black traces) were generated as in Fig. 1, by   362 drawing from a Gaussian distribution a different build-up rate for each trial. These initial plans 363 were always interrupted (i.e., the probability of interruption was equal to 1), unless they reached 364 threshold before the onset of the pause, of course (Fig. 5d, left) . The onset and offset of the in-365 terruption varied across trials, to produce smooth RT distributions. In the distracter-step blocks,
366
after the interruption the initial motor plan simply continued to threshold. In contrast, in the 367 target-step blocks a concurrent plan was launched at the beginning of the pause and the initial 368 plan was canceled at the end of the pause (Fig. 5d, middle; this was true for correct responses; see 369 below). The resulting PT distributions for the two conditions (Fig. 5f ) had slightly different tails 370 on the right side -a difference that was, in fact, consistent with the data of most participants in 371 the study by Buonocore and colleagues 39 (as with Fig. 5c ). But more importantly, the two distribu-372 tions displayed nearly identical dips. Although this may seem like a foregone conclusion, given 373 that the initial plans and interruptions were statistically identical in the two cases, it is not. The 374 simulations showed that, additionally, to produce such a tight match, the build-up rates of the 375 initial and concurrent motor plans must have similar statistics.
376
The example participant made some errors at long PTs (Fig. 5b) . These slower errors can be 377 considered lapses, incorrect responses that cannot be attributed to insufficient viewing time. In 378 the simulations, directional errors corresponding to lapses were generated by assuming that the 379 cancelation of the initial plan is not 100% certain (Methods). That is, most often the initial plan is 380 successfully interrupted and canceled, and a correct saccade to the stepped location is triggered 381 (Fig. 5d, middle) ; however, sometimes that initial plan is interrupted but not canceled, resulting in 382 an incorrect saccade (Fig. 5d, right) . This mechanism produces lapses with the appropriate timing 383 (Fig. 5e , lower group of dots with PT > 100 ms).
384
In this example, the same simulations reproduced not only the PT distributions but also the 385 direction transition function (Fig. 5d, blue trace) . The agreement depended both on dynamical 386 features of the underlying motor competition process (e.g., the statistics of the build-up rates; see This timescale is also consistent with classic visual search experiments used to investigate at-tentional allocation 66,67 . In visual search tasks, the main measurement is the time needed to de-termine whether a target is present or absent in a display, and the key quantity characterizing the process, the firing rate variable R was integrated numerically by applying the update rule
with a time step ∆t = 1 ms and a rate of change v R . The go signal was assumed to occur at t = 0, 508 at which point R was equal to a baseline value B = 0. The saccade was assumed to be triggered 509 when R reached a threshold Θ = 1000 arbitrary units (AU), at which point the RT was computed
510
(the efferent delay was ignored, as it simply contributes a constant that can be consolidated with 511 the afferent delay). Over the course of the trial, the rate of change took the following values
where T A is the afferent delay, I on and I of f are the onset and offset of the interruption, respectively, 513 r I is the build-up rate during the interruption, and r BU is the nominal build-up rate of the process.
514
For Figure 1 , parameters were as follows. The afferent delay, T A , was drawn from a Gaussian 515 distribution with a mean of 50 ms and a SD of 5 ms. The nominal build-up rate was drawn from 516 a Gaussian distribution with a mean of 7.7 and SD of 1.9 AU/ms. The onset and offset times were 517 drawn from independent Gaussian distributions with means of 192 and 228 ms, respectively, and 518 equal SDs of either 0 (Fig. 1c, red trace) or 8 ms (Fig. 1d, red trace) . For non-interrupted trials 519 r I = r BU , and for interrupted trials r I = 0. The probability of interruption per trial, p I , was either 520 0 for simulations with no interruption (Fig. 1c, d , gray shade), 1 (Fig. 1c, red trace) , or 0.7 (Fig. 1d,   521 red trace).
522
For Figure 2 , instead of integrating R numerically, equation (2) was applied directly. In each 523 trial, first, a nominal RT without interruption, RT 0 , was sampled from the empirical RT distribu-524 tion obtained with no distracter (Fig. 2b) . For this, the published distribution 44 was digitized and 525 the numerical values were used as the input weights to the Matlab function randsample, which generates random samples from arbitrary distributions. Having drawn a sample RT 0 , the inter- 
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For Figure 4 , the RT associated with each individual rise-to-threshold process was calculated 539 analytically using the interruption duration, q, the value of α, and the corresponding build-up 540 rates (the initial one, based on Q, and the rate during the interruption, if nonzero). What was 541 calculated numerically were the averages across trials as these parameters varied.
542
For Figure 5 , equations (7) and (8) were used, and the parameter values for the initial motor 543 plan and for the interruption were as follows: the afferent delay, T A , was drawn from a Gaus-544 sian distribution with a mean of 50 and SD of 10 ms; the initial build-up rate was drawn from a
545
Gaussian distribution with a mean of 6.1 and SD of 1.7 AU/ms; the probability of interruption 546 was p I = 1; the build-up rate during the interruption was r I = 0; the onset and offset times of 547 the interruption were Gaussian samples with means of SOA + 53 and SOA + 157 ms, respectively, 548 correlation equal to −0.8, and SD equal to 19.2 ms. The SOA was fixed at 120 ms, as was the 549 case for participant 3 in the study by Buonocore and colleagues 39 . These values were identical 550 between the simulated blocks of distracter-step and target-step trials. In distracter-step trials, the 551 initial motor plan continued after the end of the pause, and the RT was recorded as the time when 552 it reached threshold. In target-step trials, a concurrent plan was initiated during the pause. The 553 build-up rate of this plan was drawn independently for each trial, with a mean of 6.2 and SD of 1.7 554 AU/ms. In correct distracter-step trials, the first plan was assumed to be canceled after the pause 555 and the RT was recorded as the time at which the second, concurrent plan reached threshold (as 556 shown in Fig. 5d, middle) . In error trials, the cancelation failed, the first plan continued after the 557 pause, and the RT was recorded as the time at which this plan reached threshold (as shown in 558 Fig. 5d, right) . Such failures occured when the build-up rate of the initial plan exceeded that of the 559 concurrent plan by at least 1.5 AU/ms (which happened on 26% of the trials). Finally, whichever 560 motor plan was still active after the pause, accelerated; that is, its build-up rate increased linearly 561 between the end of the pause and threshold crossing. During distracter-step trials the initial plan 562 accelerated at a rate of 0.03 AU/ms 2 , and during target-step trials the concurrent plan accelerated 563 at a rate of 0.01 AU/ms 2 . The effect of these acceleration terms was to curtail the right tails of the 564 RT distributions. They were not essential, as qualitatively similar results were obtained with zero 565 acceleration; however, they are consistent with related saccadic choice models 5,16,58 , and slightly 566 improved the fits between the experimental (Fig. 5b, c ) and model data (Fig. 5e, f) .
567
The Matlab code used to analyze and/or generate the data in the current study is available 
